The intricate web of information we generate nowadays is more massive than ever in the history of mankind. The sheer enormity of big data makes the task of extracting semantic associations out of complex networks more complicated. Stemming this "data deluge" calls for novel unprecedented technologies. In this work, we engineered a system that enhances a user's understanding of large datasets through embodied navigation and natural gestures. This system constitutes an immersive virtual reality environment called the "eXperience Induction Machine" (XIM). One of the applications that we tested using our system is the exploration of the human connectome: the network of nodes and connections that underlie the anatomical architecture of the human brain. As a comparative validation of our technology, we then exposed participants to a connectome dataset using both our system and a state-of-the-art software for visualization and analysis of the same network. We systematically measured participants' understanding and visual memory of the connectomic structure. Our results showed that participants retained more information about the structure of the network when using our system. Overall, our system constitutes a novel approach in the exploration and understanding of large complex networks.
INTRODUCTION
Owing to major strides in science, technology and multimedia over the last few decades, we live today in a world where information itself has become a vital resource, whose efficient accumulation, processing and transmission serve as metrics of collective organization of societies. But with big data comes the conundrum of big deluge [4] . While massive amounts of data are often required to be generated to avoid true negatives, the redundancy comes at the cost of obfuscating semantic associations within relevant subsets of information. How does one make sense of all this in realtime, if one is to act on the data? This calls for tools and technologies to visualize and analyze large complex data in "smart" context-specific ways [13] .
An effective method for representing large amounts of data is through the use of network (or "graph") structures. Networks permit the symbolization of relationships between objects at different scales by visually displaying datasets as a series of nodes connected through edges that express different associations and can reveal the behavior and characteristics of complex systems shaped by interactions among their components [20] . Networks are organized semantically and frequently stored hierarchically using standard formats, such as XML [26] .
In the context of visualization and understanding of large networks, immersive environments offer unique benefits when compared to standard desktop environments. Previous studies have shown that large screens promote the use of more efficient cognitive strategies [28] ; surrounding displays, in particular, offer kinetic depth cues (e.g. 3D rotation), thus allowing the user to amplify her/his understanding of graph structures [3] . Moreover, immersive environments provide powerful tools for the visualization of scientific datasets [29] and increase the performance in data analysis tasks that involve spatial relationships (e.g. volume, geometry, common features), thus enhancing spatial understanding [22] .
For all these reasons, we built an immersive system that uses multi-modal input and output and permits the embodied interaction with large network datasets. To do so, we used the eXperience Induction Machine (XIM), an immersive space that we constructed to conduct experiments in ecologically valid conditions [5] .
Using the XIM infrastructure we have previously shown the impact of different navigation modes on the understanding of complex neuronal data designed through a neuronal network simulator [8] . Here, we present a new virtual reality application capable of handling large and complex network structures in real-time 1 . As a test scenario, we used the human brain connectome, "a comprehensive structural description of the network of elements and connections forming the human brain" [25] .
With our system users can be fully immersed in representations of complex data, seeking to understand its dynamics and to discover new patterns. We provide an ecological form of interaction since the user can literally grasp data clusters and manipulate the way they are presented.
To empirically validate our system, we compared it to the Connectome Viewer, a state of the art software to visualize and analyze connectomic data [12] . The eXperience Induction Machine (Figure 1 ) is an immersive space constructed to conduct empirical studies on human behavior in complex, ecologically valid situations that involve embodied interaction in mixed and virtual reality [6] .
METHODS

The eXperience Induction Machine
The XIM covers an area of about 25 m 2 and is equipped with a number of sensors and effectors. XIM effectors include 4 projection screens, a luminous interactive floor [11] and a sonification system [16] . The sensors include a markerfree multi-modal tracking system [19] , floor-based pressure sensors, microphones as well as wearable and unobtrusive sensors that measure the user's psychophysiological state. A sensing glove (Figure 3 ) is used to measure electrodermal response (EDR), finger gestures and forearm position in the space [15] , whereas a sensing shirt measures electrocardiogram (ECG), respiration and body movements [21] .
The connectome
The human brain connection matrix (the human "connectome") is the network of nodes and connections that provides an anatomical description of brain connectivity across different scales (single neurons, neuronal populations, brain regions) [23] . By unveiling the "neural choreography" that underlies neuroscience data, such as the connectome, scientists can find new insights to better understand the human brain [1] .
These detailed maps of structural connectivity have already led to quantitative characterization of various aspects of the brain architecture and the basis of common brain disorders [25] . Moreover, the effects of developmental variations and aging, the impact of lesions and the recovery from traumatic brain injury are progressively determined, thus opening new opportunities for therapy and preventive measures (see [24] for a review).
For these reasons, one of the applications of our system is the visualization and exploration of the human connectome. As a benchmark to validate our system, we used the "human cortex connectivity dataset" [14] . This dataset is publicly available 2 and constitutes a reference for network analysis of the brain.
From the dataset we extracted the connectivity data stored in GraphML format, a standard XML-based structure used for the representation of graphs composed of nodes and edges with extra attributes (e.g. strength of edges) [10] .
Technical description of the system
Graphics
By default our system is capable of parsing GraphML files. To plot a 3D representation of the connectome network in real-time ( Figure 2 ) each node is associated with an X, Y, Z coordinate tuple in accordance with the standard coordinates of the Talairach atlas [27] .
To achieve an optimal real-time visualization of large network structures, we developed three software components: a) a graphML parser, b) an atlas and c) a "geometry provider". These components have been implemented in C# using Unity 3D and following a Model-View-Controller design pattern.
The graphML parser is responsible for the generation of a data structure that allocates all the graph elements (i.e. nodes and edges, along with their attributes). Figure 2 : Visualization of the dataset adopted in this study (subject B from the "human cortex connectivity dataset") generated in real-time using our application in XIM. The network is composed of 998 regions of interest and approximately 28000 connections distributed according to 66 anatomical areas.
The atlas is responsible for reading the meta data associated to the elements that compose the model. These meta data are stored in XML format and typically consist of spatial information (e.g. 3D coordinates for each region and node of the network). However, they can also include extra properties (e.g. color, size, hyperlinks). Multiple sets of meta data can be used (e.g. distinct sets of coordinates), thus allowing to switch between different representations and layouts of the same dataset.
The geometry provider is responsible for plotting the final result as a 3D visualization by combining the instances generated through the parser with the coordinates specified within the atlas. The geometry provider gives flexibility to the visualization of the dataset since each node or connection is associated to a separate object instance: this allows to visualize and manipulate the network in real-time by including or excluding objects in accordance to their properties (e.g. specify threshold values to show/hide connections) while maintaining a high performance in the system.
Real-time activity
The function of the brain is closely coupled to its structure. For this reason, we coupled the structural representation of the connectome network with iqr, an open source real-time neuronal network simulator [7] . This allows the user to stimulate data clusters in the dataset and visualize the resulting activity propagating through the network (Figure 4e,f,g ).
Similar to the connectome structural network, neuronal systems in iqr are specified using the XML format and composed of processes, groups and connections. We converted the connectome dataset into an iqr system format. We mapped the brain areas to iqr processes, the regions of interest to groups and the edges to the connections [2] . 
Performance
Using the human connectome dataset as a benchmark, our application in XIM reaches an average rate of 70 frames per second with the highest quality settings available in Unity 3D (real-time shadows, antialiasing, best quality texturing).
The performance increases up to 170 frames per second by lowering the quality settings without observing a significant quality loss. Moreover, a standalone version of our system works without loss of performance on latest generation laptops and desktop PCs.
Visualization in XIM
We use 180 degrees immersive projections to visualize the network dataset (Figure 4a ). The edges are represented as tubes mapped to different shades of green (RGB values: min 143,188,143, max 34,139,34) in accordance to their strength value. This allows the user to visually inspect the strength of the connections and have an overview of their density and dynamics in the distinct areas of the network.
The nodes are represented as spheres colored in blue when the network is in a quiescent state. As soon as they are stimulated with real-time activity they become red ( Figure  4g ). The saturation of red is directly proportional to the activity level.
On the main screen, a graphical user interface displays the name of the selected area, the total number of nodes and connections, along with average strength of the connections in the selected area.
On the right screen, informations about the current area are displayed, including details about the region, references in the literature and -when available -images. The data are stored in an on-line database that is queried through a web-based API we developed in our servers.
On the left screen, MRI slices of a real human brain in 2D are shown, on top of which the real-time the 3D network is superimposed.
When the system starts, the network is initially scaled to fit the main screen and no filters are applied (i.e. all the edges are shown). The perspective of the virtual camera is corrected in the lateral displays to maintain the original proportions of the model.
(f ) (g) Figure 4 : Illustration showing our system in the eXperience Induction Machine (XIM) (a) [9] . The user can explore the network dataset by physically walking in the XIM space. A graphical user interface displays properties of the selected area (i.e. name, number of nodes, average strength, filters applied). Through natural hand gestures the user can filter the connections by complexity or strength (b,c,d) or manipulate data clusters by grasping them (e,f ) to see the resulting activation and propagation within the network (g).
Interaction
To achieve real-time embodied interaction, we use the Microsoft Kinect TM and the sensing glove ( Figure 3 ) to track the user's gestures and position in the XIM space and map them to the virtual environment.
We use the Kinect to map the position of the user's hands and torso. The former are mapped to a virtual cursor, while the latter is mapped to the first person virtual camera in Unity. The glove is used to detect the single fingers movements (e.g. grasping event). To interact with the system the user can perform two main actions: navigation and manipulation of the visual representation.
Navigation
We adopted a physical movement metaphor [29] for the exploration of the 3D environment. The user can travel through the dataset by physically walking in the XIM space.
The center of the XIM constitutes the starting point of the navigation. The user can walk forward or backward to zoom the network in and out respectively (shifting the virtual camera on the Y axis). Left or right movements produce a rotation of the network on the X axis.
Visual Manipulation
We adopted a virtual mouse ray-casting paradigm [17] to allow the user to select different areas of the network through hand movements. The right hand acts as a cursor and allows to select areas and visualize their properties (Figure 4e ). Left hand movements allow to operate on the parameters of the network and filter the number of visible connections by strength or complexity (Figure 4b,c,d ). In the case of lefthanded users, the system can be easily configured to invert symmetrically the actions performed with the left and the right hand.
To activate a specific area of the dataset we used the sensing glove and implemented a grasp release metaphor [30] . The user in the XIM can select a specific brain region by grasping it. As soon as the grasp is released, a signal is sent to iqr and the corresponding neuronal group is activated by an excitatory current. The resulting simulated activity generated by iqr is fed back in real-time to the system. In this way, the user can observe the activity that is propagating through the network (Figure 4f,g ), leading to an appreciation of structural and functional relations between its components.
Empirical evaluation
Sample and protocol
We compared our system to the Connectome Viewer, a state of the art software for PC to visualize and analyze multi-modal connectome data [12] .
We recruited 20 graduate students (11 females, mean age 27.3 ±3.45 SD) that passed successfully the "Systems Design, Integration and Control" course, where they acquired basic skills to explore and manipulate neuronal networks.
Participants were equally divided into two groups and were asked to explore the human cortex connectivity dataset. This dataset is composed of 998 regions of interest (i.e. nodes) and approximately 28 thousand connections distributed upon 66 anatomical brain areas (Figure 2) .
The first group was exposed to the dataset using the Connectome Viewer and a latest generation desktop PC, while the second group experienced the same connectome network in XIM.
We measured the structural understanding of the dataset using a questionnaire we designed to assess the recollection of the main structural components of the connectome such as the brain areas, their interconnections, and their properties (e.g. most populated brain areas, hubs, patterns of stronger connections, etc.). In addition, we measured the participants' visual memory by asking them to draw a sketch of the network ("drawing task").
The experimental protocol comprised 1-participant sessions and followed an independent samples design. During the sessions, participants in both conditions were exposed to the same connectome dataset without having any prelearned knowledge of it. No training session was required.
Prior to the session, participants were asked to fill out a form with demographic information and were also instructed to explore freely the connectome dataset trying to remember as many aspects of the network as possible.
Participants in the XIM were additionally instructed to enter the XIM and place themselves at the designated starting point in the center of the room. Immediately after the experiment, participants in both conditions filled out the questionnaire and were asked to draw a sketch of the connectome structure with as many details and information as they could remember. The average duration of each experimental session was 30 minutes.
Score attribution
The questionnaire included 6 questions to assess the participants' understanding of the connectome dataset structure. We assigned a score of 1 to questions that were answered correctly and a score of 0 to incorrect answers. Thus, we calculated a total "structural score" from 0 to 6 for each participant.
We attributed to each participant a score on a scale from 1 (highly inaccurate) to 5 (highly accurate) in accordance to the criteria in Table 1 to quantify visual memory performance in the drawing task. We conducted an independent samples T-test to evaluate the differences between the two conditions (XIM and Connectome Viewer Toolkit) in structural scores collected through the questionnaire. We found a significant main effect for the independent variable (t(18) = -2.53, p < .05). Participants performed significantly better (in terms of structural score) using the XIM system (mean = 4.30 ±0.95 SD), as opposed to the Connectome Viewer Toolkit (mean = 2.80 ±1.62 SD) ( Figure 5) .
RESULTS
To evaluate the differences in the visual memory task, we conducted a Mann-Whitney test. The result of the test was significant (U = 20.50, z = -2.36, p < .05). Participants completed the task more accurately when exposed to the connectome dataset in XIM (mean = 2.5 ±0.7 SD), as opposed to the Connectome Viewer Toolkit (mean = 1.5 ±0.97 SD) (Figure 6 ).
CONCLUSIONS
To address the question of exploration and exploitation of big data, we developed a system suitable for immersive 3D visualization and natural interaction with complex networks in real-time using the eXperience Induction Machine (XIM).
Our system constitutes a novel approach in the visualization and exploration of large network data (in this specific case, the human connectome) and it provides an ecological form of interaction where the user is immersed in the dataspace and can navigate through the network by physically moving in the XIM, using natural gestures to organize and represent the data in several more informative and insightful ways.
As a test scenario, we used the human connectome dataset composed of approximately 28 thousand connections and 1 thousand nodes.
We conducted an empirical evaluation by comparing our 
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Very accurate: the sketch presents the main components of the network distributed upon the main areas and includes at least 5 correctly placed labels of anatomical brain areas.
5
Highly accurate: the sketch presents the main components of the network distributed upon the main areas and includes more than 5 correctly placed labels of anatomical brain areas.
system (in XIM) to the Connectome Viewer (running on a latest generation desktop PC). First, we measured the participants' understanding of the dataset structure through a questionnaire. Participants retained more structural information about the network using the XIM system. Second, we measured the participants' visual memory by means of a sketch drawing task. Participants showed a significantly higher accuracy in spatially recalling the network when exposed to the XIM system, as opposed to the Connectome Viewer.
Our findings empirically demonstrate the effectiveness of our system in the structural understanding of large network datasets.
These results can be explained by the ecological form of interaction and the high level of immersion that our system provides. In addition, the use of large and surrounding displays promoted more efficient cognitive strategies for spatial understanding [28, 3] .
Possible future applications of our system will be related to biomedical technology. A neurosurgeon, for instance, could estimate the effect of removing tumors during a virtual brain surgery by deactivating specific regions of the network and observe resulting changes in functional connectivity in neighbouring areas.
In addition to the explicit interaction paradigm described in this study (Section 2.5), our system can also measure the users' EDR and ECG through unobtrusive wearable sensors usable within the XIM [9] . Based on implicit states inferred from these psychophysiological signals, future improvements will consist in the development of a "Sentient Agent" that will record the "collective experience" [18] and will guide new users through the discovery process by suggesting relevant areas in the dataset based on the experience of previous users (e.g. highlighting areas where previous users had peaks of arousal).
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